High in comparison with low tidal volume ventilation aggravates oxidative stress-induced lung injury  by Hammerschmidt, Stefan et al.
High in comparison with low tidal volume ventilation aggravates oxidative
stress-induced lung injury
Stefan Hammerschmidt*, Torsten Sandvoß, Christian Gessner, Joachim Schauer, Hubert Wirtz
Department of Pulmonary Medicine, Critical Care and Cardiology, University Leipzig, Leipzig, Germany
Received 24 May 2002; received in revised form 17 October 2002; accepted 13 November 2002
Abstract
Ventilator settings influence the development and outcome of acute lung injury. This study investigates the influence of low versus high
tidal volume (Vt) on oxidative stress-induced lung injury.
Isolated rabbit lungs were subjected to one of three ventilation patterns (Vt –positive end-expiratory pressure, PEEP): LVZP (6 ml/kg–0 cm
H2O), HVZP (12 ml/kg–0 cm H2O), LV5P (6 ml/kg–5 cm H2O). These ventilation patterns allowed a comparison between low and high Vt
without dependence on peak inspiratory pressure (PIP). Infusion of hypochlorite (1000 nmol/min) or buffer (control) was started at t = 0 min.
Pulmonary artery pressure (PAP), PIP and weight were continuously recorded. Capillary filtration coefficient [Kf,c (10
 4 ml s 1 cm H2O
 1
g 1)] was gravimetrically determined ( 15/30/60/90/120 min).
PIP averaged 5.8F 0.6/13.9F 0.6/13.9F 0.4 cm H2O in the LVZP, HVZP and LV5P groups. PIP, Kf,c or PAP did not change in control
groups, indicating that none of the ventilation patterns caused lung injury by themselves. Hypochlorite-induced increase in Kf,c but not
hypochlorite-induced increase in PAP, was significantly attenuated in the LVZP-/LV5P- versus the HVZP-group (Kf,c,max. 1.0F 0.23/1.4F
0.40 versus 3.2F 1.0*). Experiments with hypochlorite were terminated due to excessive edema (>50 g) at 97F 2.2/94.5F 4.5 min in the
LVZP-/LV5P-group versus 82F 3.8* min in the HVZP-group (*: P < 0.05).
Low Vt attenuated oxidative stress-induced increase in vascular permeability independently from PIP and PEEP.
D 2002 Published by Elsevier Science B.V.
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1. Introduction
In acute lung injury and acute respiratory distress syn-
drome (ARDS), ventilatory strategies have been recognized
to be one of influential factors for patient outcome. Me-
chanical ventilation itself may be involved in the patho-
genesis of lung injury [1,2]. Ventilator-induced acute lung
injury and acute lung injury during ARDS bear similarities.
In animal models alveolar overdistension has been shown to
induce lung injury with a morphology similar to that seen in
acute lung injury in ARDS [1]. Similar to the situation in
ARDS [3–6], the development of ventilator-induced lung
injury [7,8] is accompanied by an influx of neutrophils into
the interstitium and the alveolar space. Both types of acute
lung injury are characterized by diffuse epithelial and
endothelial injury leading to increased vascular permeabil-
ity with an exsudate rich in protein. Several animal studies
have focused primarily on the mechanical forces causing
ventilator-induced lung injury [9]. The mechanical stress
associated with alveolar overdistension due to high tidal
volume (Vt) and high transpulmonary pressure has been
identified as the predominant mechanical factor in the
pathogenesis of ventilator-induced lung injury [10]. More
recently clinical [11] and experimental [12,13] studies have
focused on the mechanically induced release of cytokines,
one of several biological effects following mechanical sti-
mulation [14]. This concept of mechanically induced re-
lease of cytokines is currently being challenged [15] as re-
viewed in Ref. [16].
Ventilatory strategies aimed at preventing ventilator-
induced lung injury and reducing pre-existing lung injury
have been developed and tested in recent years. The
consensus conference on mechanical ventilation recommen-
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ded that in patients with ARDS peak inflation pressure
should be less than 35 cm H2O by decreasing Vt to as low
as 6 ml/kg BW and that positive end-expiratory pressure
(PEEP) is useful to improve oxygenation and preventing
lung damage [17]. Clinical studies resulted in inconsistent
effects of lung-protective ventilatory strategies. Early stud-
ies that compared high versus low Vt [18–20] failed to
demonstrate a significantly improved mortality. A further
study which tested low Vt together with high PEEP (titrated
according to pressure–volume curves, P–V curves) and
recruitment maneuvers found an improved mortality [21].
The Acute Respiratory Distress Syndrome Network inves-
tigators compared low Vt ventilation (6 ml/kg) with a limi-
tation of inspiratory plateau pressure to 30 cm H2O with
high Vt ventilation (12 ml/kg) with a pressure limitation of
50 cm H2O and found decreased mortality in the low Vt
group [22]. Studies investigating the mechanisms of poten-
tially lung-protective ventilatory strategies provided evi-
dence for a reduction of cytokine release due to low Vt
and high PEEP (based on P–V curves) under clinical [11]
and experimental conditions [12,13]. Several models of
acute lung injury [7,8,12,23–25] have been shown to be
influenced by ventilatory strategies. Although neutrophil-
derived oxidative stress represents a major pathogenic mech-
anism during ARDS [3] as well as during ventilator-induced
lung injury [7], the influence of lung-protective ventilatory
strategies on oxidative stress-induced lung injury has not yet
been investigated.
The present study was planned to study the influence
of ventilatory strategies on oxidative stress-induced lung
injury. Tidal volumes of 6 ml/kg BW (as low Vt) and 12
ml/kg BW (as high Vt) will be compared. Continuous
infusion of hypochlorite, which is a major oxidant of
stimulated neutrophils, was used in an isolated lung
preparation. Hypochlorite induces acute changes in the
pulmonary circulation, which are characteristic for acute
lung injury [i.e. an increase in pulmonary artery pressure
(PAP) and vascular permeability]. We have shown that
hypochlorite infusion may simulate neutrophil-induced
oxidative lung injury [26,27]. The severity of this acute
lung injury correlates with reduced glutathione (rGSH)
depletion in lung tissue but not with accumulation of
lipid peroxidation products [28]. Therefore we use rGSH
depletion as biochemical marker of oxidative stress in
this study.
The present study tests the hypothesis that low Vt
ventilation in comparison to high Vt ventilation may attenu-
ate oxidative stress-induced acute lung injury. Therefore,
ventilation patterns that allow the comparison of low and
high Vt independently from differences in peak inspiratory
pressure (PIP) are defined. First, it will be demonstrated that
the defined ventilation patterns by themselves do not induce
signs of lung injury. Second, the study will show that the
defined ventilation patterns influence the development of
lung injury due to the action of an additional injurious
stimulus, i.e. oxidative stress.
2. Materials and methods
2.1. Substances
All reagents were obtained from Sigma (Munich, Ger-
many). The concentration of the hypochlorite stock solution
was determined spectrophotometrically (e290 nm = 350 mol
 1
cm 1) immediately before use.
2.2. Isolated lung model—general procedure
Preparation of isolated rabbit lungs was performed using
the method described in detail by Seeger et al. [29]. Rabbits
of either sex between 2 and 2.5 kg were used. The lungs were
ventilated with a mixture of about 4% CO2, 17% O2 and 79%
N2 to maintain the perfusate pH value between 7.37 and
7.40. Lungs were ventilated using a rodent animal respirator.
Ventilation frequency was 30 min 1. PEEP was set at 2 cm
H2O and Vt was set at 6 ml/kg BW during preparation.
Perfusion flow was gradually increased to the definite flow
rate of 100 ml min 1 with recirculation of the buffer medium
(Krebs–Henseleit buffer: NaCl 125 mM, KCl 4.3 mM,
glucose 13.32 mM, KH2PO4 1.1 mM, MgCl2 1.3 mM, CaCl2
2.4 mM, NaHCO3 24 mM, total circulating volume 300 ml).
Perfusate temperature was 37 jC. Pulmonary arterial pres-
sure (PAP), pulmonary venous pressure, ventilation pressure
and the weight gain of the isolated organ were continuously
recorded. Following a steady-state period only those lungs
were selected for the study that fulfilled the entry conditions:
no signs of leakage, a homogeneous white appearance, lack
of edema, no change in lung weight. The lungs were placed
in a humid chamber (glass, temperature-controlled). PVP
was adjusted to 2 Torr.
2.3. Hydrostatic challenge
Capillary filtration coefficient (Kf,c) was determined
gravimetrically from the slope of lung weight gain after a
sudden venous pressure elevation of 10 cm H2O for 8 min
[30]. Kf,c was expressed as 10
 4 ml s 1 cm H2O
 1 g 1.
The total rapid change in weight over the first 2 min
following the onset of the venous pressure rise was desig-
nated as pure vascular filling and used for the calculation of
vascular compliance [C (g cm H2O
 1)] [30].
Fluid retention [DW (g)] was determined as the remaining
difference in weight before and after a hydrostatic challenge.
2.4. Pressure–volume curves
Pressure–volume curves (P–V curves) were recorded in
seven separate isolated rabbit lungs immediately after prep-
aration and warm up (as baseline P–V curve) and in the
control groups after the entire recording time of 135 min. P–
V curves were obtained by gradually increasing Vt from 1 ml/
kg to a maximum Vt of 12 ml/kg in steps of 1 ml/kg every 30
s and then reducing accordingly to 1 ml/kg. This procedure
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was repeated twice. Ventilation pressure was continuously
recorded. Thirty seconds was allowed for the PIP to reach a
new steady state at each step. This PIP was used for the P–V
curves.
2.5. Experimental protocol
The ventilation patterns were adjusted at the beginning of
a 45-min steady-state period. Excised lung preparations were
randomly allocated to experimental or control groups. A
baseline hydrostatic challenge was performed during the last
15 min of this steady-state period. Continuous application of
1000 nmol/min hypochlorite (HY-groups) or buffer (CTR-
groups) into the arterial line of the system was started at t = 0
min. Hydrostatic challenges were performed at 30, 60, 90
and 120 min. Capillary hydrostatic pressure was measured
using the double occlusion technique before every hydro-
static challenge. The experiments were terminated after 135
min or when pulmonary weight gain exceeded 50 g due to
edema formation. P–V curves were obtained in CTR-groups
at 135 min. Lung tissue was frozen in liquid nitrogen imme-
diately at the end of the experiments.
Potassium concentration and LDH-activity were meas-
ured immediately before hydrostatic challenges to show that
no cell damage occurred.
2.6. Ventilation patterns
Ventilation patterns were defined primarily to allow a
comparison between low and high Vt without dependence on
PIP. Ventilator frequency was always set to 30/min. The
ventilation patterns were selected based on P–V curves
measured in a separate set of seven isolated lungs which
characterized the ventilatory mechanics in this ex vivo
condition (see Fig. 2, upper left panel). Tidal volumes of 6
and 12 ml/kg BW were selected for low and high Vt
ventilation, respectively, with no added PEEP (low volume
zero PEEP: LVZP-groups; high volume zero PEEP: HVZP-
groups). A low Vt of 6 ml/kg BWand an added PEEP of 5 cm
H2O were applied in a third group (low volume 5 cm H2O
PEEP: LV5P). This PEEP was found to be above the lower
inflection point of the P–V curve and to cause a PIP similar
to that caused by the larger Vt in the HVZP group when
added to the low Vt of 6 ml/kg.
2.7. Analytical methods
Frozen lung tissue (stored at  80 jC) is homogenized in
ice-cold buffer. The homogenates are centrifuged at 3000 g
for 5 min at 4 jC. The supernatant is assayed for protein
concentration and for free thiols and rGSH.
Protein concentration of the homogenate is measured
according to a method described by Lowry et al. [31].
rGSH and free sulfhydryl groups: The tissue rGSH content
and the content of free functional SH-groups are assayed
using an assay kit obtained from Calbiochem-Novabiochem
GmbH (Schwalbach, Germany). This kit uses a two-step
reaction. Thioethers with a maximum absorption at 356 nm
are formed as substitution products of all mercaptans in a first
reaction. The second reaction step transforms specifically the
substitution product obtainedwith rGSH into a chromophoric
thione with a maximum absorption at 400 nm. The homoge-
nate rGSH and free functional sulfhydryl concentrations are
related to homogenate protein concentrations. Thus, the
tissue content of reduced rGSH and free functional –SH
groups are given as nmol mg protein 1.
Perfusate concentrations of potassium and lactate dehy-
drogenase activity were determined to demonstrate that no
severe cell damage occurred. Potassium and lactate dehydro-
genase (LDH) measurements were performed by standard
automated assays.
2.8. Statistical methods
Six experiments were included in each group. Data are
meanF standard error of means (S.E.). Groups were com-
pared by using the two-tailed Student’s t-test for unpaired
samples with Bonferoni correction for multiple testing.
3. Results
3.1. Comparison of the ventilation patterns without hypo-
chlorite application (CTR-groups)
Fig. 1 summarizes the results of the hydrostatic chal-
lenges. Kf,c and fluid retention during a hydrostatic challenge
as parameters of vascular permeability did not differ among
the three ventilation patterns at baseline and during the entire
recording time. None of the three ventilation patterns
resulted in an increase in vascular permeability.
Fig. 2 compares the P–V curves of seven separate isolated
lung preparations, which were obtained immediately after
preparation and warm up, i.e. under baseline conditions, with
P–V curves of the CTR-groups, which were obtained after
135 min with one of the three ventilation patterns. There
were no differences among the three CTR-groups at t = 135
min. In addition, we did not observe differences between
baseline P–V curves and those after a recording time of 135
min. Consistent with these findings, there was no change in
the PIP during the entire recording time in the three CTR-
groups (Fig. 3). These results demonstrate that none of the
ventilation patterns applied in this study led to changes in
pulmonary compliance or resistance. Expectedly, the PIP
(Fig. 3) of the LVZP-CTR-group was markedly lower than
that in each of the high Vt CTR-groups. In accordance with
our intention, the PIPs of the HVZP-CTR- and of the LV5P-
CTR-group were comparable.
Table 1 summarizes the PAP response. There were no
significant differences in the baseline PAP among the CTR-
groups. Capillary pressure averaged 4.8F 0.51, 5.6F 0.43
and 5.2F 0.37 Torr in the LVZP-CTR-, LV5P-CTR- and
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HVZP-CTR-group. None of the ventilation patterns induced
a marked increase in PAP. PAP as well as capillary pressure
remained unchanged during the entire recording time (data
not shown).
Tissue rGSH/free non-protein thiol concentration aver-
aged 0.138F 0.014/0.155F 0.013, 0.127F 0.015/0.143F
0.016 and 0.142F 0.014/0.162F 0.015 nmol/mg protein in
the LVZP-CTR-, LV5P-CTR- and HVZP-CTR-group. There
were no significant differences among the groups.
Based on these data, it is concluded that the ventilation
patterns applied in this study did not evoke changes in
vascular permeability, ventilation mechanics, PAP and tissue
Fig. 1. Vascular permeability in CTR-group experiments: Vascular
permeability measured during hydrostatic challenges at  15 (baseline)/
30/60/90/120 min as fluid retention after a hydrostatic challenges (upper
panel, A) and as Kf,c (lower panel, B, expressed as 10
 4 ml s 1 cm H2O
 1
g 1) is summarized. The data of CTR groups with different ventilation
patterns are given (LVZP-CTR: squares, LV5P-CTR: triangles, and HVZP-
CTR: circles).
Fig. 2. Pressure–volume curves: P–V curves were obtained as described in Section 2. The P–V curves for increasing (closed symbols) and decreasing (open
symbols) Vt are based on the twofold repetition of the procedure. The left upper panels shows the P–V curves of the n= 7 separate lungs, which represent
baseline conditions immediately after preparation and warm up. The remaining three panels show the P–V curves of the three CTR-groups after the entire
recording time of 135 min (upper right: LVZP-CTR, lower left: LV5P-CTR, lower right: HVZP-CTR).
Fig. 3. Peak inspiratory pressure in CTR-group experiments: Peak inspi-
ratory pressure (PIP) of the CTR-groups with the different ventilation pat-
terns is plotted versus the recording time.
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rGSH and free non-protein thiol concentration. With regard
to these parameters the ventilation patterns did not induce
lung injury by themselves.
3.2. Effect of the ventilation patterns on the development of
hypochlorite-induced lung injury
Fig. 4 summarizes the results of the hydrostatic chal-
lenges in experimental groups with hypochlorite adminis-
tration. At the time of baseline measurements, Kf,c and fluid
retention were comparable in all HY-groups and with the
corresponding CTR-group values (Fig. 1). An increase in
vascular permeability (measured as Kf,c and fluid retention)
resulting in edema formation and premature termination of
the experiment (when weight gain exceeded 50 g) was
induced in all groups with hypochlorite infusion, while no
change was observed in any of the control groups (see Fig. 1
above). The time course of hypochlorite-induced changes in
vascular permeability was found to be influenced by the
ventilation pattern.
At 60 min, Kf,c and fluid retention were increased sig-
nificantly in the HVZP-HY group compared to both low Vt
hypochlorite infusion groups (LVZP-HY, LV5P-HY).
Hypochlorite infusion generally led to premature termi-
nation (when lung weight gain exceeded 50 g due to edema
formation) of the isolated lung experiments (Fig. 5). This
effect was significantly delayed in the low Vt groups (LVZP-
HYand LV5P-HY: 97.0F 2.2 and 94.5F 4.5 min) compared
to the high Vt group (82.0F 3.8 min). With hypochlorite at
an infusion rate of 1 Amol/min, the experiments were
terminated following the application of a dose (calculated
as the product of infusion rate and mean experimental time)
of 82.0F 3.8 Amol hypochlorite (HVZP-HY) or 97.0F 2.2
Amol (LVZP-HY) and 94.5F 4.5 Amol hypochlorite (LV5P-
HY). This may indicate a lower susceptibility of the lungs to
hypochlorite-induced lung injury in the low Vt groups
compared with the high Vt group.
Fig. 6 shows the PIP of the experiments with hypochlorite
administration. No differences were found between the
corresponding HYand CTR groups with the same ventilation
pattern (see Fig. 3 above). As in the CTR-groups, a signifi-
cantly lower baseline PIP was observed in the LVZP-HY
group. As intended, baseline PIPs of the HVZP-HY-group
and the LV5P-HY-group did not differ. Whereas the peak
inspiratory remained unchanged in CTR-groups (see Fig. 3)
during the entire recording time, an increase in PIP was
observed in HY groups due to severe edema formation with
Table 1
Pulmonary artery pressure response is characterized by baseline PAP
(PAPt = 0 min), maximum (PAPmax) and time of PAPmax (tPAPmax)






LVZP-CTR 8.4F 0.58 8.7F 0.60 135
LV5P-CTR 10.1F1.2 10.3F 1.2 135
HVZP-CTR 8.8F 0.63 9.0F 0.76 135
Fig. 4. Vascular permeability in HY-group experiments: Vascular perme-
ability measured during hydrostatic challenges at  15 (baseline)/30/60/90/
120 min as fluid retention after a hydrostatic challenges (upper panel) and as
Kf,c (lower panel, expressed as 10
 4 ml s 1 cm H2O
 1 g 1) is summarized.
The data of HY-groups with different ventilation patterns are given (LVZP-
HY: squares, LV5P-HY: triangles, and HVZP-HY: circles). All experiments
of the HVZP-HY were terminated prior to the 90-min hydrostatic challenge.
Some experiments of the LVZP-HY- and the LV5P-HY-group were
terminated after the 90-min hydrostatic challenge. As fluid retention and
Kf,c do not exist for all experiments of these groups, the 90-min values of
these groups are not presented. *: P < 0.05 versus baseline value (t = 15
min) and versus 60-min value of the LVZP-HY- and LV5P-HY-group; **:
P < 0.05 versus baseline value (t = 15 min).
Fig. 5. Mean recording time of experiments with hypochlorite application:
CTR-group experiments were terminated at 135 min. HY-group experi-
ments were terminated when edema formation exceeded 50 g. The mean
total recording time is presented. * indicates P < 0.05 versus LVZP-HY- and
LV5P-HY-group.
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decreasing lung compliance shortly prior to the termination
of the experiment.
Tables 2 and 3 summarize the hypochlorite-induced pres-
sure response. There were no differences in baseline PAP
among the HY-groups and the corresponding CTR-groups
(see Table 1). Hypochlorite caused an increase in PAP that
reached a maximum at 79F 3.3 to 86F 4.2 min. The pres-
sure response was predominately due to pre-capillary vaso-
constriction, which was indicated by a nearly constant
capillary pressure (Table 3). There were no differences in
maximum PAP and time of maximum PAP among all HY-
groups, indicating that the ventilation pattern did not influ-
ence the hypochlorite-induced pressure response.
Tissue rGSH/free non-protein thiol concentration aver-
aged 0.048F 0.009/0.052F 0.008, 0.047F 0.006/0.050F
0.006 and 0.050F 0.008/0.054F 0.005 nmol/mg protein in
the LVZP-HY-, LV5P-HY- and HVZP-HY-group. There
were no significant differences among the HY-groups. The
differences between corresponding CTR- and HY-groups
were significant (P < 0.05) and indicate an rGSH and free
non-protein thiol depletion in lung tissue to approximately
30% to 35% of control group value. This depletion was
found at the end the experiments. It occurred earlier in the
HVZP-HY-group in comparison with the LVZP-HY- and the
LV5P-HY-group.
The ventilation patterns, therefore, influenced the hypo-
chlorite-induced increase in vascular permeability but not the
hypochlorite-induced pressure response. Tissue rGSH and
free non-protein thiol depletion occurred earlier with high Vt
ventilation.
4. Discussion
This study demonstrates that the development of oxida-
tive stress-induced lung injury may be influenced by ven-
tilatory strategies. Low Vt in comparison with high Vt
ventilation delays the hypochlorite-induced increase in vas-
cular permeability but not the hypochlorite-induced increase
in PAP in an isolated lung model. These effects were not
dependent on differences in PIP as they were also demon-
strated in the low Vt group with added PEEP that resulted in a
PIP similar to that in the high Vt group.
Previous studies have shown that ventilation influenced
the development of lung injury [7,12,25,32,33]. These
studies used several distinct models of acute lung injury,
including oleic acid induced lung injury [32], alpha-naph-
thylthiourea-induced lung injury [33], surfactant depletion
[7], high PIP ventilation [25] and systemic endotoxin chal-
lenge [12]. Additionally these studies compared several
experimental types of ventilation, like intratracheal pulmo-
nary ventilation [25] or high-frequency ventilation [7], or
they applied Vt’s (up to 40 ml/kg [12], 45 ml/kg [33]) or PIPs
(25 cm H2O [32]) markedly above the values of our study.
Our study differs from these investigations as (i) it focuses
on oxidative stress-induced acute lung injury and (ii) it
compares low versus high Vt ventilation and applies ventila-
tory strategies that do not cause lung injury by themselves:
(i) Because neutrophils play a key role in the pathogenesis
of lung injury [3], we used the continuous adminis-
tration of the neutrophil-derived oxidant hypochlorite as
a model of oxidative stress-induced lung injury. We
have previously shown that the hypochlorite-induced
increase in PAP and vascular permeability is comparable
to the effects of stimulated neutrophils and that the
hypochlorite dose of 1 Amol/min used in this study
appears to be realistic for in vivo conditions [26].
(ii) It has been the aim of this study to investigate the
influence of Vt on the development of hypochlorite-
Table 2
Hypochlorite-induced pressure response is characterized by baseline PAP
(PAPt = 0 min), maximum (PAPmax) and time of PAPmax (tPAPmax)






LVZP-HY 8.6F 0.41 12.3F 0.69* 79F 3.3
LV5P-HY 9.8F 1.2 13.8F 1.2* 86F 4.2
HVZP-HY 8.5F 0.63 11.6F 0.68* 80F 5.1
*P< 0.05 vs. corresponding control groups (Table 1) and vs. PAPt = 0 min.
Table 3
Data of HY-groups: capillary hydrostatic pressure measured with double
occlusion technique is presented together with PAP immediately before the
double occlusion manoeuvre
Recording time [min]
t = 15 t = 30 t= 60 t = 90 t = 120
Capillary hydrostatic pressure [Torr]
PAP [Torr]
LVZP-HY 4.6F 0.55 4.7F 0.42 5.1F 0.49 5.2F 0.47
8.5F 0.41 8.7F 0.52 11.4F 1.14* 12.0F 1.19*
LV5P-HY 5.2F 0.37 5.3F 0.39 5.4F 0.40 5.9F 0.41
9.6F 1.0 9.8F 0.92 11.5F 1.20* 13.6F 1.23*
HVZP-HY 5.1F 0.41 5.3F 0.39 5.6F 0.51
8.4F 0.59 8.8F 0.63 10.8F 1.21*
*P < 0.05 vs. PAPt = 0 min.
Fig. 6. Peak inspiratory pressure in HY-group experiments: Peak inspiratory
pressure (PIP) of the HY-groups with the different ventilation patterns is
plotted versus the recording time.
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induced lung injury. Following the results of the Acute
Respiratory Distress Syndrome Network study, Vt’s of 6
and 12 ml/kg were compared [22]. The difference in Vt,
expectedly, resulted in a different PIP. Therefore, a third
ventilation pattern (LV5P) was included in which Vt was
kept at 6 ml/kg while PEEP was adjusted, so that PIP
was similar to that in the 12 ml/kg (HVZP) group. This
resulted in a PEEP of 5 cm H2O. Thus, the effect of Vt
was compared with and without the resulting difference
in PIP.
Vascular permeability, measured as Kf,c, was found in the
same as range as reported elsewhere under control and
baseline conditions [29,32,34–37]. None of the ventilation
patterns used in this study caused an increase in PAP or in
vascular permeability during a recording time of 135 min as
long as no additional injurious factors were added. This
corresponds to experiments with ventilated rats investigating
the role of Vt, functional residual capacity (indicated by
PEEP) and end-inspiratory volume (estimated by PIP),
where pulmonary edema was not observed, when animals
were ventilated with Vt’s of 7 and 12 ml/kg, and a PEEP of 0
or 10 cm H2O resulting in a PIP of 8 to 22 cm H2O [10].
Hypochlorite administration caused increased vascular
permeability. Increased vascular permeability may favor
ventilation-induced edema formation. Whether oxidative
stress influences the susceptibility of the lung to ventila-
tion-induced edema formation or whether the ventilation
pattern determines the susceptibility of the lung to oxidative
stress is difficult to address. The following considerations
may support an influence of ventilation pattern on the
susceptibility of the lung to oxidative stress.
As we have observed previously [28], hypochlorite in-
duced tissue rGSH and thiol depletion to a similar extent as in
the present study in HY-groups. There were no differences in
lung tissue rGSH and thiol content among the three CTR-
groups and among the three HY-groups. This indicates that
the ventilation patterns did not influence tissue rGSH and
thiol content under control conditions. However, in response
to hypochlorite administration, a comparable rGSH and thiol
depletion occurred later under low Vt ventilation than under
high Vt ventilation. This may indicate that the hypochlorite-
induced breakdown of the cellular rGSH pool [38] is delayed
under low Vt in comparison to high Vt ventilation. This may
represent an explanation for reduced susceptibility to oxida-
tive stress. The rGSH and thiol measurements were not
influenced by lung edema for the following reasons: (a)
experiments were terminated at the same severity of lung
edema (increase in weight gain 50 g); (b) tissue rGSH and
thiols were both expressed in relation to tissue protein con-
centration; (c) protein-free perfusate was used.
Other authors reported significant biochemical effects of
ventilation patterns similar to those applied in our study. Vt
ranging from 7 to 17 ml/kg and PEEP ranging from 0 to 10
cm H2O modified the release and gene expression of TNFa,
IL1h, IL6, IL10 and MIP2 in isolated rat lungs [12,13].
These biochemical effects, most likely induced by mechan-
ical alterations, occurred at levels of mechanical stress that
did not affect the lung microvasculature. However, these and
other mechanically induced biochemical effects may well
result in increased susceptibility of the lung to injurious
stimuli, such as oxidative stress.
The mechanism by which different ventilation patterns
influence the antioxidative capacity of the lung has not
been investigated. The cellular rGSH level is maintained
by the NAD(P)H-dependent enzyme glutathione reductase
[38]. NAD(P)H production is an energy-dependent proc-
ess. Ventilation pattern may influence cellular energy
metabolism, NAD(P)H production or glutathione reductase
activity.
Hypochlorite-induced increase in vascular permeability
is influenced by the Vt. It occurred later in the low Vt
groups (LVZP-HY and LV5P-HY) in comparison to the
high Vt group (HVZP) in the present study. Whether low Vt
ventilation delays or high Vt ventilation accelerates the
development of oxidative stress-induced acute lung injury
cannot be decided. But the use low Vt seems to protect the
lung. Because no differences between the two low Vt
groups (LVZP-HY without, and LV5P-HY with PEEP)
were observed, the protective effect may be attributed to
a difference in Vt rather than a difference in PIP. These
results are in concordance with the data of the recent
ARDS Network study [22]. It is possible that a reduced
plateau pressure may have contributed to the protective
effects of low Vt ventilation in this human trial. In our
study, the inclusion of an additional low Vt group with an
added PEEP (LV5P) allowed the conclusion that oxidative
stress-induced lung injury may be influenced by Vt rather
than PIP or PEEP. If mechanical ventilation is interpreted
as mechanical work on lung parenchymal structures, it may
be concluded that the amount of this mechanical work
rather than a maximum distension (i.e. PIP) or an offset
(i.e. PEEP) will determine the susceptibility of the lung to
oxidative stress.
5. Conclusion
Although this study is limited by the constraints of an
isolated lung model, it suggests that the development of
oxidative stress-induced lung injury is influenced by ven-
tilation patterns, which by themselves do not affect the
parameters measured. Vt rather than PIP was identified as
the major determinant, suggesting that the work applied on
the lung parenchyma determines lung injury to a greater
extent than PIP within the range tested.
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